LUND

UNIVERSITY

Driven self-assembly, part 1

Soft Condensed
Matter

/" Colloids

Peter Schurtenberger

Physical Chemistry

Department of Chemistry

Lund University

Polymers

Building blocks for
self assembly

Lund Mmistry / Enrico Fermi Summer School 2015 /




Self-assembly

Nature does
very well
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Equilibrium self-assembly - where is the problem

System evolves to state with lowest
thermodynamic potential (G, H,...)

but...

* resulting assembled structures often irregular, polydisperse
» spherical colloids assemble only into dense ordered
structures (fcc, bec, hep,...)

— Directed Self-Assembly
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Directed self-assembly (DSA), an introduction

building blocks with external fields driving SA
programmed instructions: S i T
specificity, directionality,...

L. Cademartiri and K. J. M. Bishop, Nature
Materials (2015)
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Template-directed or driven SA

Interface driven self-assembly

T. Bigioni et al., Nature Materials (2006)

Particle layer Parbde muiti-ayers
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N. V. Dziomkina and G. J. Vancso, Soft Matter (2005)

Chemical patterns

I. Lee et al., Adv. Mat. (2002)

Field gradient driven self-assembly
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A. Demirdrs et.al. Nature (2013)
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Template-directed crystal growth
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N. V. Dziomkina and G. J. Vancso, Soft Matter (2005)
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A. van Blaaderen et al. Nature (1997)
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Using magnetic moulds to assemble colloids

Fm = V Um sensitive to material — selective forces
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A. Demirdrs et.al. Nature (2013)
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Confining particles at interfaces

two main contributions:

reduction in interfacial energy lateral capillary interactions
(Pickering emulsions)
‘ 2
E = ymry*(1 — |cos(9)])”
(
S P long range
- et 7" shape dependent
E 10000 i /
E ! 7
g 1000 § S/
)
- 100 f yd
Z ' /
= 10 ! '-/,/
g | i/./‘/
0.1 ¢ — i
0.1 I 10 100
particle radius r'nm
B. Binks, COCIS (2002) Dasgupta et al., Langmuir (2014) (
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Interface-driven monolayer self-assembly
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T. Bigioni et al., Nature Materials (2006)

Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 /

Interface-driven colloidal assemblies

V. Manoharan, Solid State Comm. (2006)
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Building colloidal molecules through interface-driven SA

C) Tuneable interaction sites

Temperature
Chemical nature .

—_—

¥ lonic strength A8
Charge

Long-range repulsive Short-range repulsive

‘*” DMDES ‘?

e
NH3 (aq.)

‘ ‘\ PDMS oil

Microgel Colloidal molecules

L. Mansson et al., Faraday Discussions (2015)

Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 /

Controlled assembly via
microfluidics devices

L. Mansson et al., Faraday Discussions (2015)
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Nanoparticle assemblies for plasmonic applications

Very large fields strong resonances in particle chains

500 1000 1500 2000 2500
Wavelength /am

XN N X )

need large arrays CX DO ODEA AP v
perfect control of particle distance

easy to fabricate CXX DX XX NNA) w
low defect numbers - S

+

~— ~ ~— ~ — — — ~— ~

Karg et al., Materials Today (2015)
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Templates for SA of large-scale plasmonic structures
A Temglate Fabecation Nanoparticle Assemb'ly Transfes Printing
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Schweikart & Fery, Microchim. Acta (2009)

C. Lu et al., Soft Matter (2007)
Hanske et al., Nano Letters (2014)
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Drying front driven - fast track to phase diagrams
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Figure 11. Sketch of the drying dynamics of a thin collosdal film. As a
liquid, the flm thickness b and solid volume fraction ¢, evolve with time,
reaching fnal values by and &4 respectively, after aggregation. Evapora-

( o tion over the dispersion, at a rate E, and the wet solid region, at a rate Ey,
iw > -
- tades drives flow in the film. This can generate a far-field velocity w, a
33 e o 18 dispersant velocity w, and a front veloaty v, of the aggregation and pore
2 “rw iy opening fronts,
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Seattering vector ¢ (am ') J. Li et al., Langmuir (2011)
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Temporarily evolving templates

BIJEL: bicontinuous interfacially jammed Surfactant or blockcopolymer
emulsion gel mesophases as templates
o 'Mn-vhe-nd S0P Miceites Semurpaine 3 KF“‘\:’:&:I’“

Crptatemion of bhock A

+ o onron
—_—T .
" Dveted colioatal selt ausenchiy

Colloidal particles

K. Stratford et al., Science (2005) J. J. Crassous et al.,
Polymer (2015)
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Template-driven self-assembly

» to create better defined or specifically oriented
(epitaxial growth) structures

 to create well-defined 1D, 2D and 3D assemblies

» combination of top down and bottom up
approaches
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A. Yethiraj & A. van Blaaderen, Nature (2003) (/< |



Self-assembly of dipolar particles

Dipolar soft spheres

Dipolar hard spheres

E_(Vim)
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Hynninen & Dijkstra, Phys Rev Lett. (2005) attractive
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Self-assembly of dipolar particles

Dipolar soft spheres

Dipolar hard spheres E_{(Viim)
v v \ r v \ . . 0 Qi 03 0 03 037 08 M 0y 0
hcp a—® | o [fect n o

application of an external ac field:

* creates new structures

« allows to induce (crystal-crystal) phase

| transition, reversibly cycle through phases

| » self-assembled structure strongly depends on
the intrinsic isotropic potential
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Hynninen & Dijkstra, Phys Rev Lett. (2005)

LR B

Y

repulsive

attractive

Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 22




Hard vs soft dipolar particles
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FIG. 4. Change in the Madelung energy AUy(a/b) =
Upla/b) — Up(1) of a bco crystal when a/b is increased
from one. The results are for dipolar soft spheres with ko =
10.0, € = 12.54, and y = 37.5, at packing fractions n = 0.27,
0.4, and 0.5. The insets (a) and (b) show the soft and dipolar parts
of the Madelung energy change, respectively.

Hynninen & Dijkstra,
Phys Rev Lett. (2005)
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possible contributions to the
isotropic potential

O

Self-assembly of dipolar spheres

hard sphere,

sticky sphere U:"l T u.,;‘ nad
Z —
depletion
interaction
V(r) = ¢ screened
Coulomb
dipolar contribution (Yukawa) _
isotropic potential od '
van der e
Waals
24
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possible contributions to the
isotropic potential

: hard sphere, Gﬁ
% ' sticky sphere ’

Tuneable total potential: ‘

Self-assembly of dipolar spheres

« very different length scales
V(r) E@ * strength strongly dependent on particle
properties

isotropic potentar o ‘

van der ue) |
Waals

Field-driven self-assembly - key ingredients

measuring and tailoring

optimised building blocks
pimi uriding interactions

DSA

in-situ and time-resolved
characterisation of forming
structures
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Thermoresponsive microgels as building blocks for DSA

poly(N-isopropylacrylamide)

400 -
3
£ 3
R i “
good solvent T~33°C poor solvent ST R o s @ s s
T (°C)

=> swollen => collapsed

T<VPT T>VPT
U(r) u(r)
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Thermoresponsive microgels as building blocks for DSA

poly(N-isopropylacrylamide)

e PNIPAM

microgels are ideal building blocks because

o]

g0 * externally tuneable volume fraction — trigger
= phase transition, annealing mechanism

T<VPT T>VPT
u(r) u(r)
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In-situ variation of the effective volume fraction

Phase diagram of generic atomic system

q — use T-jump to increase packing fraction

21°C  making artificial opals
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Thermal annealing

oo > 4

'J
l"‘
.
3& :
‘e
..
..
.
gy

Lund University / Physical Chemistry / Enrico Fermi Summer School 2015/

30




Thermoresponsive microgels as building blocks for DSA

poly(N-isopropylacrylamide)

450
e PNIPAM
L]
.
00

 externally tuneable volume fraction — trigger
good; phase transition, annealing mechanism
~ %"+ can be made into different shapes

T<VPT T>VPT

u(r) U(r),
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Engineering particle shape for new DSA building blocks

Sphencal core-ahell myropas ~
PN EMAM shod

S core

Ligaodal coro-ahedl 6
MCrogots

F acoted Corg-ahwl
g = T
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Anisotropic particles maintain thermoresponsive nature
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Shape and jamming

Jammed Dispersions (20°C; Samples prepared by centrifugation by removing the excess supernatant)

Local nematic order Formation of larger voids Stack formation
(defects) worm-like structures

(local order)

P im
L amd Shape Matters ammd @ Earlier jamming then % @
AT

Change of anisotropy/angularity/shape/interactions
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Thermoresponsive microgels as building blocks for DSA

poly(N-isopropylacrylamide)

o4 5
T 1 v £ 450
] AT ’ 1 * PNIPAM

crogels are ideal building blocks because

 externally tuneable volume fraction — trigger
phase transition, annealing mechanism
=>sw * Can be made into different shapes
 externally tuneable interaction potential
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Tuning interparticle potentials

building reconfigurable
molecules

Steric

PNIPAM or Stabilization
PNIPM f(fy,c)

RS A
Q%?'Jp. "4‘\5}‘:'7
S.! - $L‘; ....

Screened Coulomb
Van der Waals Core and Shell potential with and

() without salt f(k'%, Z )

Crassous et al, Langmuir, 2006
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Thermoresponsive microgels as building blocks for DSA

L. /AL 1 1 HADPRN

But how do we measure/determine
interaction potential?
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Characterising interparticle interactions in real space

confocal laser scanning microscopy (CLSM)

3 y 10~ -
(.)‘ =052, — 48
2 il 1 o
Oh——J VN W=, | 2
o =044
2 . - 1 Bb ;I; 15
1 -
< ok g comparison
o 0028 between
- j measured g(r)
1 [N — and theory for
P - ! Hertzian
4 o= 0.1541 potential
1ﬁ'
0 - - .

P. S. Mohanty et al., J. Chem. Phys. (2014)
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Characterising interparticle interactions in real space

confocal laser scanning microscopy (CLSM)

. ro
T )
pulr)

-t

31/

. : o= 0444

Are CLSM just the test tube analoguoe of

. . . rison
simulation movies? en
2 j measured g(r)
1 N\ — and theory for
- 1 Hertzian
5 o= 0.154/ potential

@ 3-D reconstruttion

P. S. Mohanty et al., J. Chem. Phys. (2014)
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Comparing g(r)
in 2D and 3D

§ Vg s

05 10 15 20 25
r(um)

Problem:
Different optical
resolution in xy

and z

P. S. Mohanty et al., J. Chem. Phys. (2014)
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Technical interlude: comparing CLSM and simulations

Effect of effect of out-of-plane particles for 2D g(r)

3 :
20
(@) ©
® lo
2L ;| @ 050
’C‘ ® 2Dg(r)
S—
(@)
1L
80 05 10 15 20 25
r(um)
P.S. Mohanty et al., J. Chem. Phys. (2014) I', f\f “:
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Technical interlude: comparing CLSM and simulations
Effect of effect of z-noise for 3D g(r)
3 :
(b) @ 5%
| @ 2%
2+ - ® 1%
—
~— » 3D g(r
S ® 3Dg(r)
‘. \/’/‘\M .
apparently softer
potential
1.0 1.5 2.0 25
P. S. Mohanty et al., J. Chem. Phys. (2014) |[:_ é\.}' :’
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Technical interlude: comparing CLSM and simulations

3, x . . 1
(B) 0. 0,52 3(C)
| Experiments (30)4
w—RY Theory(3D)
2} | — Simulation (30) . 2t
= =
o [
1 1t
Expenment (3D)
§ e Samulation 3D
— : ¢ w ‘ (2 Nose ;25 %)
0 05 10 15 20 2% 8.0 05 10 15 20 25
r(um) r(um)

Also finite scan speed, important for highly diffusive systems

P. S. Mohanty et al., J. Chem. Phys. (2014)
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lonic microgels as soft dipolar particles

. pH, T

n

salt

long-range Yukawa short-range soft U
Hertzian
(similar to “dusty plasma”)

\;‘--~..4_.Yukawa

1.0
J. Riest, P.S. Mohanty, P.S., C. Likos, Z. Phys. (2012)
P. S. Mohanty et al., Soft Matter (2012)
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Adding an external homogeneous ac electric field

\ N balance of soft
cover slip repulsion and dipolar
U~ attraction

)
P. S. Mohanty et al., Soft Matter (2012) (T ( ,\j -
AN e
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Adding an external homogeneous ac electric field
a)

cover glass X
Y

but was is the strength of\the d"i“p.blar attraction?
... e

wire /T —
- X : balance of soft
cover slip repulsion and dipolar
U~ attraction
15
e)
L
1.0}
I
4 -
? B
9560 0.1 02
E o (Vi) * 5}
/C\,\’ <3 RY ;\‘-":J-,\‘f/
75 [ 8 O
P. S. Mohanty et al., Soft Matter (2012) (: 9‘ ?\f ]
AN 7
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Polarisability of ionic microgels

Aregelra?nC E? [3cos20 — 1
i) — — =l S |

R 2
ooz
£/l ]
|
insight from st A\
. . | '
dielectric ’ \
spectroscopy WL IO B I
’ \1
' .
= | -
& | e bessessdeone
Eé:ﬂp = & —F llv ..
1 o " Efss s = J
Cezp — € +/0 /"‘“ 0 % o 10"

electrode polarisation _ .
dominates, depends diffuse electric

conductivity strongly on gap width double layer

contribution o .
mobile ions within

polarisatioh 6f the

microgel polymer backbone

Watching dipolar chains assemble

a) b) 7
U~ o . / Q‘E 3%
cover glass %W 4 7 E \\f
” —‘1.’ Objective
o) ¢ =0.07

S. N&jd et al., Soft Matter (2013)
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Analysing string cluster formation

3 E=0.052 V/um
g(r) |2

21 E=0

ol

0 2 4 6

20 °
2
Omax c)
10 °
strlng s
formation 1 o .0
decreases — 0 - 0.5 B
density E [V,,/um] E [Vo/m] /957 %N
S. N&jd et al., Soft Matter (2013) l‘_i,? »\,r «
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SA at higher effective volume fractions
'F  F+S G+BCT
/ 0.00 y/o 04 0. oe\
(Vi 1am]
E=0.070
R -":»\‘:', NG
/ﬂ/\N TR
P. S. Mohanty et al., Soft Matter (2012) ,.-’.;'5-.:-‘ [ S %
S. N&jd et al., Soft Matter (2013) |: ?\}' '«’
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SA at higher effective volume fractions

Summary:

* rich phase (state) diagram with among other
phenomena a glass-BCT or arrested phase
separated state

* can trigger crystal-crystal phase transitions —
can we learn about the underlying mechanisms?

//.\/J\- <RV
/_:“ /S o O\
P. S. Mohanty et al., Soft Matter (2012) ‘/.‘:_'.? [ it
S. Nojd et al., Soft Matter (2013) (:f I\J 3’
=\ £
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temperature as an additional control parameter

s RA® SIoN
VA L
S. Nojd et al., Soft Matter (2013) ‘/.;‘f".? | 23
P. S. Mohanty et al., Soft Matter (2012) ‘(:5 I\j q
=1\ / I
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temperature as an additional control parameter

Summary:

can cycle through phase diagram along complex
paths

but:

microgels are soft and easily deformable, how do
we know that they don’t change at high densities?

__ nf ’ =L

A RVAIN 2

/A MoNE,
L

S. N&jd et al., Soft Matter (2013) (579 [ &

|

JLET -
P. S. Mohanty et al., Soft Matter (2012) 2| St
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¢ J
N )
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Technical interlude 2: How to investigate small changes
in particles at ultra-high densities?
Problems of an experimentalist:
* lack of resolution in CLSM
* X-ray scattering: contribution from individual particle

(form factor) and interparticle correlations (structure
factor) convoluted

Solutions:

become a simulator

use neutrons



Contrast variation - or why neutrons

microgels at high densities

deuterated PNIPAM
H—D

how can we investigate the size and structure of
individual particles in dense suspensions?
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Can we do the same for particles in external fields?

1000 I ' I
S n
—_ - “‘\".L ]
Electrodes Summa ry.
/N
significant change at highest field strength — do
: particles compress at high field strength along the
- oors chain axis?
E
\M We don’t know yet as the new large gap and the
Elemn scaling down of the particle sizes needs field
Setup in strengths where we see local heating
— back to square one
@ 400V
1E-3 +——
0.01 § (A | &
q[nm’] RINSS Y

particle trajectories (mean square displacement)
indicates local melting into diffusive fluid-like structure
followed by re-crystallisation

can we quantify this?

S. N&jd et al., Soft Matter (2013) = N



Insight into solid-solid transitions

face-centered cubic body-centered

or tetragonal
hexagonal closed packed azc

a E > Ecrit

¢=136>9¢,

Supplementary Movie 1, FCC-to-BCT

P. S. Mohanty et al., PRX (2015)

bond order analysis
1 N
_ Siej
U, = |— ]E:l e

summation over N nearest
neighbours, s =4 or 6

— population fractions
fo: W >0.7
fio¥,>055

fu: W <0.7 and W, <0.55
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Insight into solid-solid transitions

~ . . - | i
(8) : - |
| . -9 |
1 ‘I-___L__.__A._ﬁ-—r )
ot El E‘,mm 200 400 800 OO
w( m

Time (sec)
Transition through intermediate melting, nucleation
and growth

P. S. Mohanty et al., PRX (2015)

o
o
Population Fraction

-
o

Avramiegmn:
fa~ (1 —exp(—Kt®))
a=40
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Insight into solid-solid transitions - reverse transition

body-centered
tetragonal

a¥#c

Population Fraction

Supplementary Movie 2, BCT=to-BCO

Diffusion-less martensitic transition,
long-lived metastable state

P. S. Mohanty et al., PRX (2015)
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Insight into solid-solid transitions - reverse transition

body-centered body-centered

tetragonal orthogonal

a¥#c
_a#* b#c
E=0
C 4 C
A a
b

same system shows diffusive and
martensitic solid-solid transition

long-lived metastable state

P. S. Mohanty et al., PRX (2015)
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Path-dependent solid-solid transitions

after field has been
turned off: bco

3br 15m

but for §=0.43<¢,
after field has been
turned off: bco — fluid

Supplementary Mavie 5

Paremt Phase

Temperature /
Increase

Diffusive

Transformation
Annealing

F

)
o o
& Kinetics o‘L

Fast Field On: BCY

7
. <l

Martensitic
Transformation

Fleld off: BCO

P.S. Mohanty et al., PRX (2015)  [¢/~ 45



